Abstract. Supramolecular hydrogels formed by cyclodextrins and polymers have been widely investigated as a biocompatible, biodegradable and controllable drug delivery system. In this study, a supramolecular hydrogel based on biodegradable poly(caprolactone)-poly(ethylene glycol)-poly(caprolactone) (PCL-PEG-PCL) triblock copolymers and γ-cyclodextrin (γ-CD) was prepared through inclusion complexation as an injectable, sustained-release vehicle for insulin. The triblock copolymer PCL-PEG-PCL was synthesised by the ring-opening polymerisation method, using microwave irradiation. The polymerisation reaction and the copolymer structures were evaluated by nuclear magnetic resonance (NMR) and gel permeation chromatography (GPC). The supramolecular hydrogel was prepared in aqueous solution by blending an aqueous γ-CD solution with an aqueous solution of PCL-PEG-PCL triblock copolymer at room temperature. In vitro insulin release through the hydrogel system was studied. The relative surface hydrophobicity of standard and released insulin from the SMGel was estimated using 8-anilino-1-naphthalene sulfonic acid (ANS). Results of 1 HNMR and gel permeation chromatography revealed that microwave irradiation is a simple and reliable method for synthesis of PCL-PEG-PCL copolymer. Gelation occurred within a minute. The supramolecular hydrogel obtained by mixing 10.54% (w/v) γ-CD and 2.5% (w/v) copolymer had an excellent syringeability. Insulin was released up to 80% over a period of 20 days. Insulin kept its initial folding after formulating and releasing from SMGel. A supramolecular hydrogel based on complexation of triblock PCL-PEG-PCL copolymer with γ-cyclodextrin is a suitable system for providing sustained release of therapeutic proteins, with desirable flow behaviour.
INTRODUCTION
Supramolecular hydrogels (SMGels) are a class of physical hydrogels in which the network formation is achieved through the noncovalent interaction of polymer segments that absorb a large amount of water (1) . As one of the most potential classes of biomaterials, supramolecular hydrogels formed by cyclodextrins and polymers have been widely investigated for use as controllable drug delivery systems (2) .
Cyclodextrins are a series of cyclic oligosaccharides composed of six (α-CD), seven (β-CD) and eight (γ-CD) D(+)-glucose units linked by α-1,4-linkage (3), which can thread onto some linear polymer chains; the resulting supramolecular complex tends to aggregate to form hydrogels (4). Li et al. (5) reported, for the first time, a supramolecular hydrogel based on inclusion complexation between α-cyclodextrin and highmolecular-weight poly(ethylene glycol). Later, it was found that the mentioned SMGel is thixotropic and has exceptional properties, paving the way for potential biomedical applications in view of the excellent biocompatibility of both PEG and α-CD (6) .
The formation of such supramolecular hydrogels generally consists of two stages. First, the hydrophobic interactions between the guest polymer and the CD cavity form a crosslinked network, and then the network is stabilised by hydrogen bonding between neighbouring CDs (7) . During the solto-gel transition, the polymer chains noncovalently aggregate at their CD-rich segments, and these domains continue to assemble into larger particles, leading to turbid sol and subsequent viscose gel as a function of temperature and/or shearing (8) . Due to the dynamic nature and weak noncovalent interaction of their networks, SMGels exhibit reversible sol-gel transitions upon exposure to shear forces. These interesting thixotropic effects have led to numerous studies on SMGels for the controlled and sustained release of drugs (9) .
Such supramolecular hydrogels can encapsulate drugs physically in situ during gel formation. These systems increase drug loading efficacy and prevent the structural changes in the drug categories, such as proteins, peptides and nucleic acids (10) (11) (12) .
The reversible sol-gel transition properties of SMGels make them injectable and syringeable biomaterials capable of establishing versatile drug delivery systems (13) (14) (15) (16) .
Protein drugs have emerged as potent medicines for various types of widespread human diseases (17) (18) (19) , and insulin is one of the most important and commonly used drugs to treat diabetes mellitus patients in clinics (20) . For over 80 years, parenteral administration of insulin formulations has been the major route of insulin delivery for the treatment of insulin-dependent diabetes mellitus (IDDM) in clinical practice (21) . It is obvious that the development of a controlled insulin release system would increase patient compliance by reducing the frequency of administration, thereby improving its therapeutic effectiveness.
In order to achieve this purpose, encapsulation, release manner and the therapeutic effects of insulin within various biodegradable polymers have been investigated extensively over the past decade (22) (23) (24) . In particular, hydrogels and supramolecular hydrogels have been evaluated as capable protein carriers, due to their high water content, consistency and biocompatibility (25) (26) (27) .
In the current study, γ-CD was selected to prepare an insulin-loaded SMGel, due to its low haemolytic activity and superior biodegradability compared to those of α-CD (10,28). We aimed to develop a sustained insulin release system and study the details of in vitro evaluations of γ-CD and p o l y ( c a p r o l a c t o n e ) -p o l y ( e t h y l e n e g l y c o l ) -poly(caprolactone) (PCL-PEG-PCL) hydrogels for efficient insulin encapsulation and delivery as an injectable formulation.
MATERIALS AND METHODS

Materials
Poly(ethylene glycol) with a molecular weight of 20,000 was purchased from Merck (Darmstadt, Germany). ε-Caprolactone, stannous octanoate (tin(II) ethyl hexanoate) and 8-anilino-1-naphthalene sulfonic acid were procured from Sigma Aldrich (St. Louis, MO, USA). Insulin was kindly donated by the Novo Nordisk representative in Tehran, Iran. All other analytical grade chemical reagents and solvents were obtained from Merck (Darmstadt, Germany) and used as received.
Synthesis of Triblock Copolymer
PCL-PEG-PCL copolymers were synthesised with a PCL/PEG ratio of 1:10 by using the ring-opening polymerisation technique with microwave irradiation, as described previously (29) . Briefly, 20 g poly(ethylene glycol), M W 20,000, was introduced into a round-bottom flask equipped with a condenser and placed in a microwave. The PEG was irradiated for 10 min at 800 W and 100°C to dry by increasing its viscosity. Then, 2 g ε-caprolactone and catalyst Sn(Oct) 2 was added to the dried viscous PEG, and the mixture was further irradiated and stirred at 800 W and 130°C for 15 min. The synthesised copolymer was purified by dissolving it in 25 mL dichloromethane and precipitated by adding 800 mL diethyl ether. The purification process was repeated three times, and the precipitates were freezedried and kept at −20°C until use.
The yield of the reaction was calculated by dividing the amount of the obtained product by the amount of the starting materials used in the copolymer synthesis process.
Characterisation of PCL-PEG-PCL Triblock Copolymer
The proton nuclear magnetic resonance ( 1 H NMR) spectrum of the synthesised PCL-PEG-PCL triblock copolymer was recorded on a Bruker Ac-80 spectrophotometer (Germany) in CDCl 3 at 25°C. The number average molecular weight (M n ) and PCL-to-PEG ratio were estimated by integrating the signals pertaining to each monomer according to the method established by Jeong et al. (30) . The molecular weight (M w ) and polydispersity of the obtained copolymer were determined by gel permeation chromatography, using an Agilent GPC-Addon system and RID-A refractive index signal detector coupled to the PLgel columns. Tetrahydrofuran was used as an eluent (flow 1 mL/min); the sample injection volume was 10 μL.
Formation and Characterisations of Supramolecular Hydrogels
An aqueous solution of 2.5% (w/v) PCL-PEG-PCL was mixed with an aqueous solution of 10.54% (w/v) of γ-CD under vigorous stirring at room temperature, until hydrogels formed. To prepare the insulin-loaded supramolecular hydrogel, 3 mg insulin in 150 μL of HCl 0.1 N was added to the 0.5-mL aqueous copolymer solution (100 mg/mL). Then, 232 mg γ-CD was dissolved in 2.2 mL of deionised water and gradually added to the drug and copolymer solution under vigorous stirring. The three formulations were prepared according to the above procedure and evaluated in terms of gelling times (31) .
Investigation of Supramolecular Hydrogel and Physical Mixture Morphology
Scanning electron microscopy images (LEO-1350 VP, Germany) were used to study the pore structure of the insulin-loaded hydrogel. The freeze-dried samples were mounted on an aluminium base with adhesive carbon tape and coated with 2-5 nm gold under vacuum for 5 min to prevent charging and distortion prior to obtaining the SEM images. The structural shapes of the insulin-loaded supramolecular hydrogel and those of the physical mixture of γ-CD/ copolymer/insulin were compared.
Swelling Ratio Measurement
Swelling behaviour was monitored gravimetrically. For this purpose, 100 mg of dried hydrogel was immersed in 250 mL of deionised water at room temperature. The swelling ratio of the hydrogel was measured every 15 min for three replicas using Eq. 1 (32):
Swelling ratio ¼ Wet weight-Dry weight ð Þ =Dry weight ð1Þ
X-ray Powder Diffraction
The crystalline phases of the insulin-loaded supramolecular hydrogel and the physical mixture of γ-CD/copolymer/ insulin were determined using a Phillips analytical X-ray B.V. (USA), consisting of a PW3710 diffractometer and an X-ray tube (30 mA and 40 kV) with a copper anode. The experiment was performed at a scanning rate of 0.033°/s at an angle of 2θ and a range of 5°-35°.
Differential Scanning Calorimetry
The thermal transitions of SMGel, insulin-loaded SMGel, insulin, triblock copolymer and γ-CD were determined using a differential scanning calorimeter (Mettler Toledo DSC 822, Switzerland). The sample sizes were approximately 3-5 mg, and each sample was subjected to thermal cycles of 25-175°C, at a rate of 20°C/min.
Evaluation of Formulation Injectability
A syringe with a 25-and 28-gauge micro-fine insulin needle was filled with the insulin-loaded supramolecular hydrogel, and the injectability of the formulations was determined by passing them through the syringe at 25°C.
In vitro Release Study
The formulation (2 mL) was immersed in 20-mL tubes, with a cross-sectional area of 2 cm 2 , containing 10 mL phosphate buffer solution (PBS, pH=7.4). The tubes were transferred to a shaker incubator water bath (Faraz Teb, Iran) set at 40 rpm and 37°C. Samples (300 μL) were withdrawn at specific times and replaced by adding 300 μL of fresh release medium.
The samples were assayed for insulin content by Bradford assay (31, 33) . A blend of each sample with Bradford reagent (n=3) was analysed in a 96-well plate by spectrophotometry measurement at A = 600 nm using an ELISA Microplate Reader (Stat Fax 2100, USA).
Investigation of Insulin Folding
The relative surface hydrophobicity of standard insulin and released insulin from the SMGel was estimated using 8-anilino-1-naphthalene sulfonic acid (ANS). ANS solutions (200 μM) were added to the insulin solution (1 μM), and the mixture was incubated for 30 min at room temperature. Then, the samples were excited at 370 nm, and the emission spectra were recorded between 400 and 600 nm, using a spectrofluorometer (Shimadzu, Japan).
Stability of Insulin
The structural stability of released insulin from hydrogel was detected by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and compared with native insulin. Protein samples were diluted with Tris-buffer (pH 6.8) with 2% SDS and electrophoresis of samples was performed by using a Bio-RadMiNi-Protein II electrophoresis system at a constant voltage of 200 V in a Tris/glycine/SDS buffer. After migration, the staining procedure was carried out with Coomassie bright blue in methanol-acetic-water (2.5:1:6.4).
Circular Dichroism Spectroscopy
This test was performed on the samples to evaluate the conformational stability of insulin released from hydrogel. The samples were first filtered through a 0.2-μm syringe filter to separate the protein from the polymer. As control, circular dichroism (CD) spectra of dissolved insulin in the extracting medium were collected. The analysis was performed using a Jasco J-810 spectropolarimeter (Tokyo, Japan) with a 1-mm light path quartz cell (Hellma, Müllheim, Germany). Data were acquired at a bandwidth of 0.1 nm with a scan speed of 50 nm/min and a response time of 8 s. The samples and standard insulin solution were prepared in 25 mM Tris-HCl solution (pH=7.8) and scanned over the wavelength range of 190-250 nm.
RESULTS
PCL-PEG-PCL Synthesis and Characterisations
The copolymer was successfully synthesised by ringopening polymerisation with a yield of 88%. The 1 H NMR spectrum of the PCL-PEG-PCL copolymer is shown in Fig. 1 . The signal at 3.6 ppm is attributed to the CH 2 of the PEG block in the copolymer chains. Its integral serves as an internal standard to calculate the average chain length of the PEG. The signals at 4.1, 2.2 and 1.5 ppm are related to the CH 2 of PCL block, and their integrals can be used to estimate the average chain length of the PCL. The results of these analyses of the copolymer are summarised in Table I .
Formation of the Supramolecular Hydrogel
In this study, the SMGel was formed successfully using a PCL 1,000 -PEG 20,000 -PCL 1,000 copolymer with a PCL/PEG ratio of 1:10 at concentrations of about 10.54% (w/v) of γ-CD and 2.5% (w/v) of copolymer. The mixtures of γ-CD, insulin and triblock copolymer transformed into a gel in only 40 s (n=3).
Swelling Ratio
The swelling profile of the hydrogel is shown in Fig. 2 . The hydrogel showed good water-swelling ability in distilled water; the weight of the supramolecular hydrogel increased 1.2 times in 30 min.
Syringeability of Supramolecular Hydrogels
The prepared insulin formulation passed easily through a 25-and 28-gauge syringe at 25°C and was injectable. Eventually, it regained its gel network after passing through a needle in less than a minute. This is attributable to the thixotropic behaviour of the SMGel (34).
SEM Imaging
The structural shape of the freeze-dried supramolecular hydrogel and the physical mixture of the insulin/γ-CD/ copolymer were analysed by SEM. As shown in Fig. 3 , in contrast to the physical mixture of the components, the supramolecular hydrogel exhibited a 3D porous foam-like morphology.
X-ray Powder Diffraction
The X-ray powder patterns of the copolymer, γ-cyclodextrin and insulin, as well as their physical mixture and the SMGel formulations, are shown in Fig. 4 .
Differential Scanning Calorimetry
To confirm the formation of SMGel, a differential scanning calorimetry (DSC) thermogram of the copolymer, CD, insulin, their physical mixture and the insulin-loaded SMGel are presented in Fig. 5 .
In vitro Release Figure 6 shows the release profile of insulin through the SMGel in PBS at pH 7.4 at 37°C to mimic the physiological condition.
The release kinetics of insulin proved the results and showed the best fit for the Higuchi model (R 2 =0.967) and zero-order release kinetics (R 2 =0.983) (35-37). 
Insulin Folding
The ANS fluorescence emission spectra of both the standard and released insulin after 35 days were similar, suggesting unaltered surface hydrophobicity due to this formulation (Fig. 7) .
Stability of Insulin
The SDS-PAGE was performed and the results were illustrated in Fig. 8 .
Circular Dichroism Spectroscopy
The CD spectrum of released insulin from hydrogel after 35 days was illustrated in Fig. 9 . As can be seen, the profile of released insulin from hydrogel was superimposed to that of the control group.
DISCUSSION
The results of polymer characterisation tests verify that microwave irradiation is a reliable method for the synthesis of PCL-PEG-PCL triblock copolymer. By using a microwaveassisted polymerisation, the high-speed, reproducible and scalable production of materials such as polymers with limited side reactions and by-products and also a higher yield of reaction are possible. Moreover, it facilitates scale-up procedure and technology transfer from bench to industry (38, 39) . In our previous study, we compared the conventional and the microwave-assisted synthesis of PCL-PEG-PCL that affirmed the superiority of this new method. Microwave irradiation reduced the time of reaction from 6 h to only 15 min. Furthermore, the yield of reaction increased up to 95% which was approximately 65% in conventional methods (29) .
The PEG segment in the PCL 1,000 -PEG 20,000 -PCL 1,000 backbones was found to form inclusion complexes with γ-CD molecules, resulting in the formation of the supramolecular hydrogel in less than a minute. The stoichiometric necklace- like inclusion complex is formed by α-CD threading onto PEG blocks (15) . It was previously proved that gelation property was affected by various factors, including the PEG content of the polymers, the solution concentration, the mixing ratio of cyclodextrin and polymer, and temperature (9). For extremely hydrophobic polymers, such as PCL, slow CD threading kinetics prevents complex formation. Therefore, block copolymers composed of hydrophobic and hydrophilic blocks were used to obtain complex stability with moderate threading kinetics. In polymers such as PCL-PEG-PCL, hydrophobic interaction between the PCL segments act as a barrier against γ-CD to thread onto the PCL blocks. In some cases, aggregations of the unthreaded hydrophobic polymer blocks strengthen the hydrogel structures to form more stable cross-linked networks (40) . In this system, the small quantity of hydrophobic PCL blocks and high quantity of hydrophilic blocks enhanced aggregations of γ-CD threading onto PEG blocks. In this regard, one of the critical parameters that need to be considered is the proper balance between hydrophobic and hydrophilic segments of the copolymer (41) . For copolymers with a large PCL/PEG ratio and a low concentration of α-CD, the copolymer could not turn into a gel because of the long hydrophobic PCL blocks and high level of hydrophobic aggregations that reduces the chance of α-CD to thread onto the PEG blocks.
Although the PCL-PEG-PCL is among the thermoresponsive copolymers and shows the irreversible sol-gel transition, the results proved that in the prepared SMGel, the hydrophobic interactions compared with the hydrophilic interactions were much less than the threshold condition necessary for gel formation at the applicable temperature. We supposed that this phenomenon is due the very large hydrophilic PEG segments of copolymer in comparison with its very short hydrophobic PCL blocks. In fact, the running force of gel formation, which is hydrophobic interactions, is extremely low before adding γ-CD. Thus, when the γ-CD solution was added to the insulin/triblock copolymer solution, since it covered the PEG blocks and enhanced the opportunity of PCL block interactions, the solution became opaque within several seconds and changed to a gel in less than a minute. Indisputably, it is one of the major advantages of such systems which provide the condition of having a gel even with low concentration of copolymer; as a result, it adds to the biocompatibility of formulations and reduces the probable risk of inflammation at the injection site due to the copolymers.
The prepared supramolecular hydrogel swelled in the presence of water. Supramolecular hydrogels have a porous and hydrophilic network structure, so they can absorb water into the matrix in an aqueous medium. High quantity of water makes the hydrogels biocompatible and less irritant than other implantable systems (42) .
As it was shown, the prepared supramolecular hydrogel is injectable and shows the thixotropic behaviour. Such materials, called shear-thinning or pseudo-plastic, lost their high viscosity as a function of shear rate and reclaim it when there is no more agitation, over a period of time (14) .
The time of recovery is also crucial for suitable drug delivery systems. If it takes a long time to gel shapes, the detrimental burst release of drug and dose dumping Cumulative percent of release Time(day) Fig. 6 . Release profile of insulin-loaded SMGel phenomenon which may cause severe adverse reactions will emerges. Fortunately, this supramolecular hydrogel recovered its gel structure rapidly, and as we indicated in the section of in vitro release results, the burst release was less than 5%. SEM confirmed the porous configuration of the system. As we mentioned above, such highly porous structure gerents the supramolecular hydrogels' high capacity of water absorption. The spongy structure only formed after threading of γ-CD onto the PEG blocks.
The X-ray diffraction patterns of pure insulin, γ-CD and the copolymer were shown in Fig. 3 . In the diffraction pattern of the copolymer, two peaks in 2θ=19 and 23 were observed. These two peaks were preserved in the pattern of physical mixture, but they disappeared in that of supramolecular hydrogel. This means that in the hydrogel, the copolymer was interacted with CD molecules and because of such interaction, the X-ray diffraction pattern of insulin/SMGel exhibited less crystallinity than the physical mixture. It was previously shown that the reflection at d=4.46 Å and 2θ=19.8 is a characteristic peak, which is the identity of necklace-like structures. In contrast to α-CD inclusion complexes, γ-CD inclusion complexes exhibit less crystallinity and, consequently, do not exhibit sharp peaks at d=4.46 Å and 2θ=19.8. Because two polymer chains can be included within the large cavity of γ-CD, the crystallinity degree of this SMGel is low, and it shows more elasticity (31) .
DSC findings confirmed the formation of SMGel. The endothermic peak related to the copolymer was observed in the physical mixtures of copolymer/CD and copolymer/CD/insulin, as well as the pure copolymer. However, the endothermic peak in the SMGel system completely disappeared. The results indicate that the SMGel was appropriately prepared.
The SMGel controlled the release of insulin at 37°C for about 1 month. The insulin release from the SMGel exhibited an initial burst release of less than 5%, followed by a sustained release for up to 37 days. The initial burst release, which is an unwanted occurrence in a drug release profile, was low here. This can be considered a noticeable advantage of such SMGel drug delivery systems compared to other sustained delivery systems.
The insulin-loaded SMGel demonstrated a suitable continuous release profile of more than 80% of the drug up to 20 days. After 20 days, the release profile was followed by a plateau, and ∼15% of the remainder of the drug was released over 17 days. After 20 days, some cracks appeared in the hydrogel matrixes, which are indicative of copolymer degradation. Therefore, the remaining drug was released more by a copolymer degradation mechanism, which had a slower rate compared to the first section of the release profile, in which diffusion was dominant.
As it was previously reported, the large molecules are mostly released by polymer degradation rather than diffusion, especially the ones that incorporated into the depth (43) . However, because of a large porosity of the SMGel, the insulin molecules that had been closer to the surface of hydrogel could diffuse through the holes of networks. Yet, concentration gradient was decreased over a release procedure due to the elimination of drug quantity and mounting of a distance between drug molecules and surface of hydrogel. It can reduce the diffusion rates; thus, the release kinetics shifts to the zeroorder release because of polymer erosion.
Because insulin can lose its activity during formulation, it is important for the controlled delivery system to release insulin in its active form.
It is understood that ANS is a hydrophobic siteresponsive probe that has negligible fluorescence in aqueous media. Binding of this probe to hydrophobic sites in proteins results in a several-fold enhancement in its fluorescence, with a shift in the emission maximum to a lower wavelength (10) .
The similar fluorescence emission of standard and released insulin affirmed that insulin molecules retain their activity in the formulation.
SDS-PAGE results showed that during preparation and release processes, insulin was intact (Fig. 8) . These results were in agreement with earlier findings.
CD spectra showed that the conformation of released insulin from hydrogel after 35 days was unchanged and insulin was released in its native state (Fig. 9) . CD analysis demonstrated that secondary structural integrity of insulin was maintained during preparation and release processes.
CONCLUSION
SMGel loaded with insulin was successfully prepared by mixing an aqueous solution of insulin and copolymer with an aqueous γ-CD solution. The results indicated that insulin encapsulates efficiently under mild conditions in an aqueous environment and in the absence of organic solvents. The unique advantage of preparing drug-loaded SMGel is that the drug can be easily encapsulated during sol-to-gel transformation.
In this study, we demonstrated the formation of an insulin/γ-CD SMGel of PCL-PEG-PCL, based on the selfassembly of PEG threaded with γ-CD without any covalent interactions. The release rate of insulin from the SMGel occurred in a sustained and controlled manner. These results suggest the potential use of the prepared hydrogel as an injectable sustained-release system for insulin.
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